Abstract-We present, in this paper, pilot-assisted channel estimation (CE) for orthogonal frequency division multiplexing combined with time division multiplexing (OFDM/TDM) using minimum mean square error frequency-domain equalization (MMSE-FDE) over a nonlinear and frequency-selective fading channel. Joint use of time-domain filtering to increase the signal-to-noise ratio (SNR) of pilot signal and frequency-domain interpolation for OFDM/TDM is presented. The simulation results show that OFDM/TDM with proposed pilot-assisted CE provides a better performance than OFDM since the peak-to-average power ratio (PAPR) problem can be reduced.
I. INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) signals have a problem with high peak-to-average power ratio (PAPR). Due to high PAPR, after nonlinear high-power amplifier (HPA), the OFDM signals will be distorted, which as a consequence may lead to severe degradation of bit error rate (BER) performance. Recently [1] , we proposed OFDM combined with time division multiplexing (OFDM/TDM) to overcome the high PAPR of OFDM. However, OFDM/TDM cannot completely eliminate the PAPR problem [2] . In the OFDM/TDM design, the N c -point inverse fast Fourier transform (IFFT) time window of conventional OFDM is divided into K slots (which constitutes the OFDM/TDM frame). It was shown in [1] that the BER performance of OFDM/TDM in a frequency-selective fading channel can be improved when minimum mean square error frequency-domain equalization (MMSE-FDE) is applied.
MMSE-FDE requires accurate channel estimation (CE). In a nonlinear channel (e.g., HPA), channel estimator must be carefully designed to reduce the effect of nonlinear distortions arising from the PAPR problem. Various channel estimation techniques are studied in [3] - [5] , but the impact of HPA was not considered. To avoid the effect of nonlinearity, time-domain multiplexed pilot (TDM-pilot) with the constant amplitude can be used, but the tracking ability reduces [3] . A pilot symbol may be inserted onto reserved pilot subcarriers in the frequency domain (FDM-pilot) to improve the tracking ability against fast fading [4] - [6] , but the pilot sequence will be distorted by HPA and this may degrade the CE accuracy. Furthermore, CE techniques in [4] - [6] cannot be directly applied to OFDM/TDM since, in the OFDM/TDM receiver, N c -point FFT over the entire OFDM/TDM frame is applied for FDE [1] . Recently, a cyclic postfix OFDM was presented for channel estimation [7] - [9] , but the computational complexity significantly increases and furthermore, the transmission efficiency reduces.
In this paper, an improved pilot-assisted CE using time-domain first-order filtering and frequency-domain interpolation for OFDM/TDM is presented. A pilot signal is inserted into one reserved slot (i.e., pilot slot) of the OFDM/TDM frame without sacrificing the transmission efficiency. Then, time-domain first-order filtering on a slot-by-slot basis is applied to improve the signal-to-noise ratio (SNR) of pilot signal. Since all channel gains required for FDE cannot be obtained (because the number of OFDM/TDM subcarriers is N m =N c /K<N c ), frequency-domain interpolation is applied to estimate required channel gains. We consider the first-, the second-and high-order resolution frequency-domain interpolation methods.
The rest of the paper is organized as follows. Section 2 describes OFDM/TDM system model. A pilot-assisted CE is presented in Sect. 3. In Sect. 4, the BER performance is evaluated by computer simulation. Section 5 concludes the paper.
II. OFDM/TDM TRANSMISSION SYSTEM
The OFDM/TDM system model is illustrated in Fig. 1 . Throughout this paper, T c -spaced discrete time representation is used, where T c represents FFT sampling period.
A. OFDM/TDM Signal
The signaling interval of conventional OFDM with N c subcarriers is divided into K slots, i.e., OFDM/TDM frame. A sequence of data-modulated symbols is divided into blocks with N m =N c /K symbols. The k-th block symbol sequence is denoted by {d
. N m -point IFFT is applied to generate the kth OFDM signal with N m subcarriers as
for t=0~N m -1. K generated OFDM signals are grouped into one frame without inserting the GI between them to generate OFDM/TDM signal (see Fig. 2 ). The g-th frame OFDM/TDM signal can be expressed using the equivalent lowpass representation as
for t=0~N c -1 and u(t)=1(0) for t=0~N m -1 (elsewhere). After insertion of an N m -sample GI, the OFDM/TDM signal is fed to HPA, which can be approximated by soft limiter conversion characteristics as [10] 
for t=0~N c -1, where β denotes the HPA saturation level. Finally, the OFDM/TDM signal is multiplied by the transmit power coefficient P as shown in Fig. 1 .
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B. FDE
The OFDM/TDM signal is transmitted over a propagation channel having the discrete-time channel impulse response h(τ), given as
where h l and τ l are the path gain and time delay of the lth path
The g-th frame received signal can be expressed as
for t=-N m~Nc -1, where n g (t) is the additive white Gaussian noise (AWGN) process with zero mean and variance 2N 0 /T c with N 0 being the single-sided power spectrum density. The gth frame's GI { ) ( t r g ; t=-N m~1 } (i.e., pilot signal) is stored while the received signal {r g (t); t=0~N c -1} is decomposed into N c frequency components {R g (n); n=0~N c -1} for FDE as
One-tap FDE is applied to R g (n) as [11] 
where w(n) denotes the MMSE equalization weight for the nth frequency. w(n) is determined so that MSE between ) ( n R g and S g (n) is minimized. After some manipulations, we can show that the theoretical MMSE weight is given by
where * denotes the complex conjugate operation. In Eq. (8), α denotes the attenuation constant of the OFDM/TDM signal due to HPA [2] ; for β>7 dB, α→1 while for lower β, α can be well approximated as [10] {
where
is the complementary error function. In Eq. (8), α is assumed to be known at the receiver. Note that the simple HPA model given by Eq. (3) may not be completely accurate for modeling real HPA's. Since this paper presents CE scheme, the impact of different HPA models is out of scope of this paper. We need to estimate the channel gain H(n) and the noise power σ 2 . Channel estimation will be described in Sect. III.
The time-domain OFDM/TDM signal is recovered by applying N c -point IFFT to ); ( { n R g n=0~N c -1}, and then, the demodulation of OFDM signal with N m subcarriers is done using N m -point FFT [1] .
III. CHANNEL ESTIMATION
A pilot signal inserted into (K-1)th slot is copied as a cyclic prefix into a GI at the beginning of the frame (see Fig. 2 ) as described in [11] for SC transmission. As illustrated in Fig. 2 , the (g-1)th frame's pilot slot acts as a cyclic prefix for the gth frame's GI (which is copied from the gth frame's pilot slot). Thus, the channel estimation can be performed using the gth frame's N m -sample GI. Note that the length of GI equals to the OFDM/TDM slot length of N m -samples. If large amplitude variations appear in the time-domain pilot signal, the pilot may be distorted due to HPA leading to poor channel estimates. On the other hand, to avoid noise enhancement in the channel estimation, it is desirable that a pilot sequence has the constant This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the WCNC 2007 proceedings.
amplitude in the frequency-domain. In this paper, Chu pilot sequence [12] is considered since its amplitude in both time-domain and frequency-domain is constant and hence, HPA will not affect CE. The Chu pilot is given by
A. Time-domain First-order Filtering
We consider reception of the gth OFDM/TDM frame. The gth frame's GI (i.e., pilot signal) is filtered as
for t=0~N m -1, where γ is the filter coefficient with the initial condition ) ( ) (
The N m -point FFT is applied to decompose the filtered pilot signal into N m frequency components as
where q=n/K for n=0~N c -1 is the subcarrier index and x denotes the largest integer smaller than or equal to x. Then, the instantaneous channel gain estimate at the qth subcarrier is obtained by the reverse modulation as
where P(q) denotes the pilot at the qth frequency.
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B. Frequency-domain Interpolation
As shown in Fig. 4, ); ( { q R g q=0~N m -1} are located at the frequency n=0, K, 2K,…(N m -1)K. The separation between N m frequencies is K while the separation between N c frequencies is 1 and hence, interpolation [13] is necessary to obtain the channel gains for all frequencies of n=0~N c -1. We consider the first-, the second-and high-order resolution frequency-domain interpolation methods.
(First-order interpolation) The channel gain estimate at the nth frequency using the first-order interpolation is given as
and   x denotes the integer larger than or equal to x.
(Second-order interpolation) The channel gain estimate by the second-order interpolation is given as
where 
Then, N c -point FFT is applied to obtain the interpolated channel gain estimates for all N c frequency components {H e (n); n=0~N c -1} as 
C. Noise Power Estimation
The noise component at the qth frequency can be estimated by subtracting the received pilot component H e (q)P(q) from 
IV. SIMULATION RESULTS
Simulation parameters are shown in Table 1 . We assume QPSK data-modulation with N c =256 and N m =16. The propagation channel is L=8-path frequency-selective block Rayleigh fading channel having uniform power delay profile. The path gains stay constant over one frame, but varies frame-by-frame. f D T s is the normalized Doppler frequency with 1/T s =1/T c N m (e.g., f D T s =0.001 corresponds to mobile terminal moving speeds of about 110 km/h for 5GHz carrier frequency and transmission data rate of 100M symbols/sec). 1.E-03
1.E-02
1.E-01 Throughout this section, for a fair comparison with conventional OFDM, we consider conventional OFDM system with both TDM-and FDM-pilot insertion with high-resolution frequency-domain interpolation. For CE with FDM-pilot N m uniformly-spaced pilot subcarriers are used as presented in [4] - [6] . To eliminate the pilot distortion, CE with TDM-pilot is used, where one frame consists of OFDM pilot generated using Chu sequence followed by N d OFDM data symbols [3] . Furthermore, an N m -sample GI is used to keep the same transmission efficiency as our OFDM/TDM. As the time-domain filter coefficient γ decreases, the noise is reduced, but the tracking ability against fast fading tends to be lost. On the other hand, as f D T s increases, the channel varies faster and consequently, the higher γ is required to achieve the lower MSE. Fig. 5 shows the average MSE with joint use of time-domain first-order filtering and high-resolution frequency-domain interpolation as a function of γ with f D T s as a parameter for E b /N 0 =15 dB. As shown by Fig. 5 , the optimum γ opt , for minimizing the MSE with E b /N 0 =15 dB, is γ opt =0.05, 0.2, and 0.55 for f D T s =0.0001, 0.001 and 0.01, respectively. It is observed that the first-order interpolation provides poor performance (we confirmed by computer simulation that the second-order interpolation performs slightly better). In the following we only consider high-resolution frequency-domain interpolation. Fig. 6 shows the average BER with the joint use of time-domain first-order filtering and high-resolution frequency-domain interpolation as a function of the E b /N 0 for β=3 dB. The optimum γ opt is used. The figure shows the good performance of the proposed CE with joint use of time-domain first-order filtering and high-resolution frequency-domain interpolation. The E b /N 0 degradation of OFDM/TDM in comparison to ideal CE, for BER=10 -3 , is about 0.8 dB when f D T s =0.0001. It can be seen from the figure that OFDM with FDM-pilot achieves a poor performance because of interpolation error and the signal distortion due to HPA. In particular, BER=10 -3 cannot be achieved. However, OFDM with TDM-pilot achieves much better BER performance since the effect of HPA nonlinearity can be avoided; when f D T s =0.0001 the E b /N 0 degradation for BER=10 -3 from ideal CE case is about 0.8 dB. However, a problem of CE with TDM-pilot is the increased tracking error in a fast fading environment (see Fig. 8 ). The OFDM/TDM with the proposed CE using jointly time-domain first-order filtering and high-resolution frequency-domain interpolation achieves a much better BER performance than OFDM; when f D T is 0.0001 the required E b /N 0 for BER=10 -2 , reduces by about 5.5 and 2 dB in comparison with OFDM using FDMand TDM-pilot insertion, respectively. Fig. 7 shows the average BER performance of pilot-assisted CE with time-domain first-order filtering and high-resolution frequency-domain interpolation as a function of β for the E b /N 0 =20 dB with f D T s as a parameter. The optimum γ opt is used for each f D T s . It can be seen from the figure that the BER performance degradation of OFDM/TDM with K=16 for β>4 dB is negligible. On the other hand, the BER of OFDM degrades until about β=6 dB. The OFDM/TDM provides a better performance with lower β than OFDM since the PAPR problem with OFDM/TDM is reduced.
The normalized Doppler frequency f D T s is an important parameter that affects the BER performance. To show the advantage of OFDM/TDM over OFDM on a fast fading, Fig.  8 plots the BER performance of pilot-assisted CE with the joint use of time-domain first-order filtering and high-resolution frequency-domain interpolation as a function of the f D T s for E b /N 0 =15 dB. For comparison we also plot curves for OFDM with CE using both FDM-and TDM-pilots. The optimum γ opt is used for each f D T s value. When f D T s <0.003, OFDM with TDM-pilot achieves lower BER than FDM-pilot since pilot distortion due to HPA nonlinearity can be avoided; but, as f D T s increases, the tracking ability tends to be lost and the performance severely degrades. However, OFDM/TDM gives a lower BER than conventional OFDM due to frequency diversity gain and a lower PAPR leading to less performance degradation by HPA.
V. CONCLUSIONS
In this paper, pilot-assisted CE which jointly uses time-domain first-order filtering (to increase the SNR of pilot signal) and frequency-domain interpolation was proposed for OFDM/TDM with MMSE-FDE in a nonlinear and frequency-selective fading channel. It was shown by the computer simulation that the joint use of time-domain first-order filtering and high-resolution frequency-domain interpolation provides a very good tracking ability against fast fading and that OFDM/TDM with proposed pilot-assisted CE always achieves better BER performance than OFDM.
